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spectroscopy has become a versatile research tool in biochemistry and biomedicine. 28
Topical applications in microbiology and prion research are impressive illustrations of 29 the vigorous evolution of the technique. FT-IR spectroscopy has established itself as a 30 powerful method for the rapid differentiation and identification of microorganisms, 31 thereby contributing to both clinical medicine and the prevention of bioterrorism. It 32 has also led to considerable progress in various other fields of basic research, not least 33 in prion sciences. In this field, FT-IR spectroscopy has been increasingly applied as a 34 tool for elucidating structural features of the pathological prion protein, and also to 35 study the molecular changes induced by prions in neuronal tissue and blood. This 36 article sets out to give a review of current examples of the analytical potential of FT-37 IR spectroscopy in microbiology and prion research. 38 39
Brief introduction to Fourier transform infrared (FT-IR) spectroscopy 40
The use of infrared (IR) spectroscopy to examine the conformational structure 41 of polypeptides and proteins dates back to 1950. In the 1970s, researchers started to 42 use this analytical technique for measuring the hydrogen-deuterium exchange to probe 43 protein folding and to study the dynamics of protein conformation. The application of 44 IR spectroscopy was gradually also extended to the analysis of nucleic acids and 45 lipids, and the investigation of carbohydrates (Mantsch, 2001) . 46
An IR spectrum of a sample is produced by scanning the intensity of IR 47 radiation before and after passage through the specimen. The infrared region of the 48 electromagnetic spectrum (see Fig. 1a ) extends from the visible to microwave, or very 49 short, radar region. IR radiation originates from thermal emission from a hot source. It 50 earliest analytical methods identified as a powerful tool to gain information on the 76 structural properties of proteins. As early as 1950 it was shown that there is a close 77 correlation between the position of specific bands in the IR spectrum of polypeptides 78 and their secondary structure. This correlation was later refined by linking the 79 frequencies of structure-sensitive amide bands to specific types of secondary structure 80 such as α-helix, β-sheet, or turn (for review see: (Fabian and Mäntele, 2002) . There are 81 nine amide bands in the IR spectrum, called amide A, amide B and amides I-VII, 82
according to decreasing frequency. The amide I band, in which different secondary 83 structure elements such as α-helix, triple helix, β-sheet, β-turn, and extended coil 84 absorb IR light of different wavelengths (Krimm and Bandekar, 1986) , turned out to 85 be the most useful band for the analysis of secondary protein structure. The amide I 86 mode in IR spectra, which primarily represents the C=O stretching vibration of the 87 amide groups and occurs in the region between 1600-1700 cm -1 , is particularly 88 sensitive to β-sheet structures. The position of IR bands associated with these 89 structures is influenced by a variety of factors, including the strength of hydrogen 90 bonds and the packing of β-strands (Surewicz and Mantsch, 1988; Zandomeneghi et 91 al., 2004) . 92 IR spectra of more complex biological specimens such as microorganisms or 93 tissues represent the superposition of all infrared-active vibrational modes of the 94 various molecules present in the sample. Therefore, IR spectroscopy provides 95 information about the chemical constituents (proteins, lipids, nucleic acids, 96 polysaccharides, etc.) of the probed material and their molecular structure. When 97 applied to intact microbial cells the FT-IR technique provides spectral fingerprints of 98 the complex biological structures under investigation Naumann, 99 2001 ). Furthermore, IR spectroscopy delivers information about pathological chemical 100 spectral similarities and dissimilarities. For this purpose, high-quality IR spectra are 128 only one prerequisite, which needs to be complemented with data compression and 129 pattern recognition techniques. Multivariate statistical analysis (MSA) can use a 130 variety of methods for the pre-treatment, evaluation and representation of huge and 131 complex bodies of spectral data. Among the methods frequently used for pattern 132 recognition in FT-IR spectroscopy are factor analysis, hierarchical clustering and 133 artificial neural networks (ANNs). For further details the reader is referred to reviews 134 on this subject matter published elsewhere Naumann, 2001) . 135 The "protein-only model" of the prion hypothesis postulates that TSE agents 256 replicate through a molecular mechanism in which abnormally folded pathological 257 prion protein (PrP Sc ) acts as a catalyst or template nucleus which recruits normal prion 258 protein (PrP C ) and transforms the cellular prion protein into its own "infectious" 259 spatial structure (Prusiner, 1982; Prusiner, 1998) . Furthermore, the prion hypothesis 260 holds that phenotypic features of TSE strains are encoded in the secondary, tertiary, or 261 quaternary structure of PrP Sc , or in its specific glycosylation. FT-IR spectroscopy had 262 a significant impact on the evolution of this aetiological concept. Although it had 263 previously been shown that the amino acid sequences of PrP Sc differences. Furthermore, they showed that FT-IR characterization of PrP Sc /PrP27-30 296 may provide a versatile tool for molecular strain typing without antibodies and without 297 restrictions to specific TSEs or mammalian species. 298
TSE-induced molecular alterations in neuronal tissue revealed in situ by FT-IR 300
microspectroscopy 301 FT-IR microspectrometry offers a relatively new approach for detecting 302 spatially resolved TSE-induced compositional and structural changes in tissue of the 303 nervous system that has been pursued in order to add biochemical information to 304 known neuropathological parameters (Kretlow et al., 2006 ). The first report on a 305 spatially resolved in situ FT-IR spectroscopic examination of TSE-infected brain 306 sections was published a few years ago by Kneipp et al. (Kneipp et al., 2000) . In this 307 study, FT-IR microspectroscopy was performed on brain specimens from hamsters 308 clinically affected with 263K scrapie, and the assignment of individual spectra from 309 spectral maps to specific cerebellar tissue structures allowed the comparison of FT-IR 310 spectra from topologically corresponding brain substructures of scrapie-infected and 311 uninfected hamsters. This turned out to be crucial for the analysis, since it emerged in 312 the study that spectral differences between distinct cerebellar substructures were 313 generally much larger than those identified between identical cerebellar tissue 314 structures in normal and scrapie specimens. laboratories as a method that is able to identify BSE-related molecular changes in 400 bovine blood. Recently, the FT-IR spectroscopic approach was also used in a time-401 course study with hamsters which were perorally inoculated with the 263K scrapie 402 agent, or mock infected with normal hamster brain homogenate (Lasch et al., 2006) . 403
Sera from these animals were obtained at preclinical stages of incubation after 70, 100 404 and 130 days post infection (dpi), and at the terminal stage of scrapie (160 ± 10 dpi). 405
The analysis of these sera using FT-IR spectroscopy and ANNs confirmed the Sockalingum, G.D., Sandt, C., Ami, D., Orsini, F., Doglia, S.M., Allouch, P., 497 Table 1 : Tentative assignment of some bands frequently found in biological FT-638 Trace 5 (blue) represents the difference spectrum of the second derivatives (4, BSE 715 positive; and 2, BSE negative). Traces 6 and 7 are the two standard deviation spectra 716 of the classes BSE positive (6) and BSE negative (7) (which are nearly identical in 717 this case). Note that the y-axis of difference spectrum 5 and the standard deviation 718 spectra (6, 7) is magnified by a factor of 20. 719
